I. INTRODUCTION
To study dynamical stereochemistry, researchers need to prepare polarized molecular targets in the excited states of a given vibrational level within the ground electronic surface. [1] [2] [3] [4] [5] [6] [7] For the alignment and orientation of polar molecules in excited (v = 2, J ) rovibrational levels, we previously proposed a method 8, 9 using infrared stimulated Raman adiabatic passage (IR STIRAP). For this method, the alignment and orientation refer to polarization of the quantum mechanical angular momentum vector J. An aligned molecular sample has the direction of its J so that the |M| values of its projection on some quantization axis are unequally populated; an oriented molecular sample has unequal populations in +M and −M sublevels.
In this paper, we consider the alignment and orientation of nonpolar molecules (for example, H 2 ) in excited rovibrational levels using nanosecond visible laser pulses. In the absence of a real intermediate level, one expects a substantial population transfer when the Raman resonance condition ω 10 = ω P − ω S is satisfied, where ω 10 is the resonance frequency for the v = 0 → v = 1 vibrational transition within the ground electronic surface and ω P and ω S are the optical frequencies for the pump and Stokes laser beams, respectively. [10] [11] [12] [13] However, in reality, in a collision-free ambience, such as in a supersonic molecular beam, up to 50% population can only be transferred to the a) Author to whom correspondence should be addressed. Electronic mail:
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excited vibrational level at saturation using either coherent or incoherent (broad-band) pump and Stokes laser pulses with intensities in the range of ∼10 GW/cm 2 . We present a technique based on Stark-induced adiabatic Raman passage (SARP) that transfers an entire population to a desired rovibrational (v, J, M) eigenstate. Molecular polarizability and dynamic (AC) Stark shifts depend on the molecular orientation (M-dependence), which is relative to the polarization direction of the laser's optical field. To achieve complete population transfer, SARP exploits the M-dependent dynamic Stark shifts of the rovibrational (v, J) levels with a delayed sequence of overlapping pump and Stokes pulses of unequal intensities. The central idea is to drive an adiabatic passage process by sweeping the Raman transition frequency across the two-photon resonance. Grischkowski, Loy, and Liao [14] [15] [16] [17] first introduced the idea of chirped adiabatic passage for a two-photon transition utilizing the dynamic Stark shifts of the resonant levels. In their example, the relative Stark shift of the two-photon resonant levels was enhanced by tuning closer to a single-photon intermediate level. However, for Raman excitation of H 2 , an intermediate level in the visible or near UV does not exist to enhance the relative Stark shift of the resonant vibrational levels. In the absence of an intermediate level, the visible pump and Stokes lasers shift the vibrational levels of the ground electronic state in a similar way if we ignore the orientational dependence, thus cancelling the net Stark shift of the (v = 0 → v = 1) Raman transition. In this situation, SARP might be thought to be unachievable. By accounting for the M-dependent polarizability, our calculations show that there is an appreciable dynamic Stark shift of the resonance frequency which attains a maximum for an S-branch Raman transition. The Mdependent dynamic Stark shifts in stimulated Raman pumping have been utilized earlier by Rudert et al. 18 to spatially orient molecules in the excited rovibrational levels. They showed that different |M| substates of the vibrationally excited acetylene molecule can be selected (thus aligning J) using different polarizations of the pump and Stokes laser pulses of duration 8 ns and peak intensities >100 GW/cm 2 . Complete population inversion between vibrational levels of the electronic ground state of molecules via a resonant intermediate level in the excited electronic state has been demonstrated previously using STIRAP by Bergmann and co-workers.
19-21 STIRAP, however, degrades when the twophoton resonance condition is perturbed by the dynamic Stark shifts (especially of the excited electronic state) which may be unavoidable at the optical intensity required by the Raman adiabatic passage. To solve this problem, Bergmann and co-workers introduced Stark chirped rapid adiabatic passage (SCRAP) which was first applied to invert populations in a two-level 2s-3s He transition 22, 23 using an additional Stark pulse that swept the frequency of the 2s-3s transition. For the purpose of inverting population among the vibrational levels of an electronic ground state, SCRAP was later generalized to a three-level up-down pumping configuration ( system) with a real intermediate level as an excited electronic state. 24 In this case the single photon pump and Stokes transitions of the system were swept through their respective resonances using an additional Stark pulse that preferentially shifted the intermediate level. Using this method, also known as double SCRAP or D-SCRAP, population inversion between the vibrational levels of nitric oxide was achieved via two successive adiabatic passages one for each arm of the system. For many molecules (such as H 2 ), tuning to the pump and Stokes transitions of a system connecting the vibrational levels of the ground electronic state to an intermediate excited electronic state will require tunable vacuum ultraviolet laser pulses, which can be challenging experimentally.
SARP takes advantage of the M-dependent Stark shifts of the rovibrational levels and builds along the line of previous works on Stark induced adiabatic passage of Grischkowski's and Bergmann's groups. The advantage of SARP, however, is that it accomplishes population inversion in molecules such as H 2 utilizing more accessible visible and standard UV laser sources where a real intermediate level is not required. This means that the single photon detuning associated with the pump and Stokes transitions far exceeds the Raman resonance frequency ω ν 0 v (i.e., ω v 0 v ) between the vibrational levels v 0 and v. Moreover, SARP does not require an additional Stark pulse for chirping the Raman resonance frequency; the Raman frequency is swept through resonance by the timevarying intensity of the temporally shifted but overlapping pump and Stokes pulses.
We note that to invert population among the vibrational levels of a molecule with widely separated electronic levels such as in H 2 or N 2 , SCRAP will require near resonant multiphoton pump and multiphoton Stokes transitions as suggested in Ref. 24 . The high optical intensity that is required for the process will also enhance the probability of resonant multiphoton ionization and dissociation of the real intermediate level in the excited electronic state. SARP has been designed to avoid the photofragmentation associated with a real intermediate state as in D-SCRAP.
Selective vibrational excitation in the absence of intermediate resonance can be also accomplished using chirped adiabatic Raman passage (CARP) proposed by Chelkowski et al. [25] [26] [27] As opposed to sweeping the molecular energy levels, CARP utilizes frequency swept (chirped) picosecond laser pulses which requires high peak intensity ∼ >1000 GW/cm 2 to fulfill the condition of adiabatic passage. Note that SARP avoids the technical challenge of sweeping the carrier frequency of nanosecond pulses using electro-optical method that requires appropriately shaped voltage pulses (several kV/mm) over nanoseconds to produce adequate phase modulation.
The theoretical framework for SARP is built around the v = 0 to v = 1 transition but the analysis remains applicable to allowed Raman transitions between any pair of vibrational levels of polar and nonpolar molecules. Our theoretical analysis is extended to v = 4 showing that the larger M-dependent polarizabilities and Stark shifts of the higher vibrational levels works in favor of SARP so that population inversion can be attained using standard laser sources with reasonable optical energies.
The paper is organized as follows: In Sec. II we elaborate the coherent dynamics of stimulated Raman pumping using the density matrix formalism and introduce SARP using the optical Block equations (a two-photon vector model). In Sec. III we present the results of numerical calculations showing the feasibility of exciting the v = 1 level of the H 2 molecule using the temporally displaced visible pump and Stokes laser pulses of nanosecond duration. We also describe the practical implementation of SARP using optical sources necessary to carry out the adiabatic passage. In Sec. IV we discuss how SARP can achieve complete population transfer in the H 2 v = 0 → v = 4 transition using standard UV and near infrared laser sources. In Sec. V we briefly summarize our conclusions.
II. POPULATION TRANSFER USING SARP
In the absence of an intermediate resonance, the stimulated Raman transition v = 0 → v = 1 driven by the coherent pump and Stokes fields is reduced to the problem of a two-photon resonant two-level system. Using a graphical method, 28 we derived the density matrix equations describing the two-photon Raman transition in the presence ofẑ polarized pump and Stokes optical fields E P = E Pẑ e iω P t + c.c., and E S = E Sẑ e iω S t + c.c. Our derivation utilizes the "adiabatic following approximation" to eliminate the off-resonant density matrix elements as described in detail in Ref. 28 . The expressions for the two-photon Rabi frequency and dynamic Stark shifts are generated automatically from the diagrammatic expansion of the density matrix. Significant theoretical work has been done in the past for describing the multiphoton excitation in a multilevel atomic and molecular system. 29 Particularly relevant is the work of Chelkowski 
Here, σ 01 is the two-photon Raman coherence between the v = 0 and v = 1 vibrational levels. w = (ρ 11 − ρ 00 )/2 where, ρ 11 and ρ 00 are the populations in v = 1 and v = 0 levels, respectively. The populations are normalized so that ρ 00 + ρ 11 = 1. The two-photon generalized Rabi frequency r is
where E P and E S are the time-dependent optical field amplitudes associated with the pump (at frequency ω P ) and Stokes (at frequency ω S ) laser pulses, respectively. μ ik and ω ki (= ω v v ) are the transition dipole moments and the resonance frequency between the ith (i ≡ v = 0, 1) and kth vibronic levels (v ) belonging to the ground and excited electronic states, respectively. The net time-dependent detuning δ 2 for v = 0 → v = 1 Raman transition is given by
Here, γ is the phase damping rate for the Raman coherence σ 01 in presence of collisions. δ AC is the time-dependent dynamic Stark shift of the Raman transition frequency in presence of intense nanosecond pulses. δ 0 = ω P − ω S − ω 10 is the zero-field detuning of the Raman transition. δ 
where, α i (ω j ) is the polarizability of the ith vibrational level
and i ≡ v = 0, 1 and ω j ≡ ω P or ω S . In Eqs. (1)- (6), all frequencies and rates of transitions are expressed in rad/s. It is important to include the M-dependence of the molecular polarization because it makes the dominant contribution to the unequal Stark shifts for the two rovibrational levels (v = 0, v = 1). To carry out the adiabatic passage we modulate the nonzero Stark shift δ AC to sweep the net Raman detuning δ 2 by suitable choice of pulse intensities, shape, and delay.
A. The Bloch vector model for SARP
In the absence of phase damping (γ = 0), Eqs. (1) and (2) describe the rotation of a pseudo-vector (often called the two-photon Bloch vector) R around an angular velocity vector F (also referred to as the field vector) in a three-dimensional abstract space, [14] [15] [16] [17] [30] [31] [32] 
where F = {−2r, 0, −δ 2 } and R = {Re(σ 01 ), Im(σ 01 ), w}. Besides resembling the Bloch equation for a nuclear spin in nuclear magnetic resonance, the rotation of the Bloch vector in Eq. (7) accurately describes the Raman excitation process as a function of time; the population transfer is given by R 3 = w and the induced Raman coherence or polarization is described by R 2 , R 1 ∝ σ 01 . How does the Bloch vector rotate in the pseudo space under the action of the pump and Stokes laser pulses? At the starting point of the Raman interaction, we have r ≈ 0, σ 01 ≈ 0, and w ≈ −0.5. At this time, if the Raman detuning is δ 2 = 0, both pseudo vectors F and R point parallel to theẑ axis of the abstract space. As the two-photon Rabi frequency r develops and the Raman detuning δ 2 is Stark-shifted under the action of the pump and Stokes laser pulses [see Eqs. (3)- (6)], the pseudo angular velocity vector F starts changing direction in the abstract space. If F changes sufficiently slowly compared to the angular velocity | F| with which R precesses around F then R will be able to keep up with the change and follow F adiabatically, tracing a narrow conical surface around it (staying almost parallel to F) (Refs. 14-16 and 30-32) as shown in Fig. 1 . The adiabatic following condition can be expressed mathematically as
Equation (8) expresses the condition that the magnitude of the fractional change in F in a Rabi oscillation period, which is given by 1/| F|, is less than unity. Actually, this condition is rather forgiving and the adiabatic following does not require this quantity to be much less than unity. Equation (8) is similar to Eq. (8) in Ref. 14. When the Raman detuning, δ 2 , sweeps from a negative to a positive value, or vice versa, during the two-photon interaction, the component of F along theẑ axis (F 3 = −δ 2 ) reverses. In the presence of sufficient two-photon coupling field r the Bloch vector R stays locked and reverses direction simultaneously with F as shown in Fig. 1 . Reversal of R implies a sign change of w with the result of complete population transfer to the v = 1 level.
How is δ 2 swept using a sequence of pump and Stokes pulses? For the visible pump and Stokes waves with far offresonant electronic excited states (as in H 2 molecules), we may assume that α i (ω P ) ∼ = α i (ω S ) for both vibrational levels (i = 0, 1). In this case, the net Stark shift δ AC of the Raman resonance depends upon the difference in polarizabilities of the two vibrational levels. Following Eq. (5) the Raman detuning can be expressed as
Equation (9) implies that for a given zero-field detuning δ 0 , a relative intensity and delay of the pump and Stokes pulses will be necessary to sweep δ 2 through zero near the central overlapping region where the Raman coupling r ∝ E P E S maximizes. We stress that population inversion or reversal of the Bloch vector R happens only when δ 2 crosses zero in the presence of appreciable two-photon coupling r between the pseudo vectors F and R. Figure 2 qualitatively describes the SARP idea by comparing the situations for three different pulse sequences: (a) zero delay, (b) delayed pulses with equal intensity, and (c) delayed pulses with unequal intensities. When the pulses are applied with zero delay, the detuning δ 2 crosses zero twice in the overlapping region where r is large (Figure 2(a) ). During the Raman interaction, the Bloch vector flips twice, bringing the excited population back to the ground state. This situation is typical for coherent population return (CPR). 33 Figure 2(b) shows sweeping of δ 2 using delayed pump and Stokes pulses of equal intensities. The sequence generates multiple zerocrossing of δ 2 in the overlapping region, where r is appreciable again causing coherent population return to the ground state. Figure 2(c) shows the time-dependent detuning δ 2 in the presence of delayed pump and Stokes pulses of unequal intensities with the stronger pulse appearing first. In this example, δ 2 crosses zero twice. The first crossing appears in the beginning of the interaction, where r is negligible and no (c) Two zero-crossings of δ 2 (blue) are generated using overlapping pump and Stokes pulses of a relative delay and an amplitude ratio. The first crossing appears in the beginning when r is negligible, and no population transfer takes place here. The second zero crossing appears near the peak of r (magenta) causing complete population inversion or flipping of the Bloch vector R as described in the text. population transfer takes place here. The second crossing occurs near the peak of the Raman interaction in the central overlapping region where r is large, and most of the population transfer to the v = 1 excited level takes place during this time. The condition that r must be large near a single zero-crossing of δ 2 and negligible in all other crossings is just what is needed for SARP to invert population between the Raman allowed vibrational levels. We note that in DSCRAP (Ref. 24 ) the off-resonant Stark pulse controls the zerocrossings of the detunings associated with the near resonant pump and Stokes transitions between the metastable vibrational levels and the intermediate level in excited electronic state. We show here that it is possible to control the zerocrossing of the Raman detuning δ 2 without using an additional Stark pulse or an intermediate electronic level by appropriately overlapping the time-shifted pump and Stokes pulses of appropriate intensities. As δ 2 sweeps from a positive to a negative value (Fig. 2(c) ), the pseudo vectors F rotates from a negative to a positive direction relative to theẑ axis of the abstract space, dragging R along with it as discussed previously using Figure 1 . Note that unlike STIRAP that has a resonant intermediate level, 8, 9, [19] [20] [21] the time ordering of the weak and strong pulses in SARP does not matter, and the flipping of the pseudo vector R can be accomplished with either sign of chirp dδ 2 /dt.
Although the optimal ratio of the intensities and delay that maximize the population transfer must be determined from a numerical analysis, a rough estimate of the required intensity ratio can be made. For example, the Stark shift of the Raman resonance δ AC = δ
at the peak of the stronger pulse must be greater than |δ 0 |, which sets a threshold intensity for SARP. Using the Stark shift coefficients calculated for H 2 (see Table II in Sec. III), we estimate a peak intensity of ∼15 GW/cm 2 for the stronger pulse that will generate an optimum Stark shift δ AC ≈ −1 GHz to compensate for a zero-field detuning δ 0 = −0.5 GHz. We can then sweep δ 2 appreciably (∼ ±0.5 GHz) in the overlapping region of the pump and Stokes pulses. In order to generate a steady sweep of δ 2 without crossing zero multiple times in the overlap region, the magnitude of the Stark shift δ AC induced by the temporally displaced weaker pulse must be less than δ 0 . Our detailed calculations show that the population transfer of H 2 molecules using SARP is optimized with a relative intensity ratio ≥ 4 and a delay ∼1.5τ P between the pump and Stokes Gaussian pulses of 1/e half-width τ P .
III. H 2 v = 0 → v = 1 TRANSITIONS USING SARP
There is much interest in using molecular hydrogen as a scattering target because of the simplicity of this molecule. As a specific application of SARP, we consider excitation of the S(0) branch of Raman transition H 2 Table I . The calculated transition dipole moments include the Franck-Condon The two-photon Rabi frequency r and the dynamic Stark shifts for v = 0 → v = 1 Raman transition are calculated using the transition dipole matrix elements of Table I for the pump and Stokes laser wavelength of 532 nm and 699 nm. These molecular parameters are expressed as follows:
where i = 0 or 1. The calculated coefficient η for the twophoton Rabi frequency r and Stark shift coefficients ζ P,S i are given in Table II . The Stark shift coefficients agree closely for the two-photon Rabi frequency and Stark shifts for the |0 → | f stimulated Raman transition. These parameters have been calculated using the transition dipole matrix elements of In Eqs. (10) and (11) the squares of the optical field amplitudes are normalized with respect to the optical intensity in GW/cm 2 using E 2 (V 2 /m 2 )/(GW/cm 2 ) = 1.885 × 10 15 . The density matrix equations (1) and (2) are numerically integrated using transform-limited single-mode laser pulses with electric fields that have the Gaussian shape ∼exp(−t 2 /τ 2 P ) with τ P = 6 ns, the 1/e half-width of the Gaussian pulse. The single-mode phase coherent optical pulses are necessary to eliminate the phase fluctuations of the optical fields during the interaction time. In the presence of the delayed sequence of pump and Stokes laser pulses, the instantaneous two-photon Rabi frequency r and the dynamic Stark shifts are calculated using the ζ coefficients and the laser intensity profile at each step of time integration.
A. Almost complete population transfer in H 2 using SARP Figure 3 (a) shows complete population transfer to the H 2 (v = 1, J = 2, M = 0) level for a zero-field Raman detuning δ 0 = −0.4 GHz when the pump and Stokes laser pulses are applied with a relative delay τ D = 1.4τ P . Optical fluences for the pump and Stokes pulses were assumed to be 557 mJ/mm 2 and 139 mJ/mm 2 corresponding to the amplitude ratio E P /E S = 2 for their optical fields. In Fig. 3(a) scaled Gaussian pulse profiles in arbitrary units (a.u.) are also plotted to show the interaction time in reference to the pulse centers. Figure 3(b) shows the dynamic Stark sweeping of the two-photon (Raman) detuning δ 2 = δ 0 − δ AC in unit of GHz and the two-photon Rabi frequency r in arbitrary unit as a function of time. Figure 3(b) shows two zero-crossings of Raman detuning δ 2 (blue). The first crossing appears in the region of negligible r (magenta) and no population transfer takes place during this period as described previously in the context of Figure 2(c) . Most of the population transfer takes place during the second crossing close to the peak of r (highlighted with a yellow circle in Fig. 3(b) ). Figure 3(c) shows the components of the pseudo vectors R and F as a function of the interaction time. Figure 3 (c) again shows that the zerocrossing of δ 2 in the presence of appreciable Raman coupling r allows the simultaneous reversal of the pseudo vectors F and R with respect to theẑ axis of the abstract space, thus inverting the population between the vibrational levels. Figs. 3(a)-3(c) ) by giving the positions of the Bloch vector R (orange) which adiabatically follows the pseudo angular velocity vector F (green) in time for t ≥ −5 ns, the starting point of the Raman interaction. In this example with a minimal two-photon coupling (|F| 2 ≈ dδ 2 /dt), the Rabi oscillations (corresponding to the spinning of the Bloch vector R around F) can be only seen near the end of the interaction. Figure 4 compares the population transfer versus pump fluence for the case of zero delay (green) between the pump and Stokes pulses with that when the pulses are separated by τ D = 1.4τ P = 8.4 ns (red). The Stokes-to-pump field amplitude ratio of 2 and zero-field detuning δ 0 = −0.4 GHz were kept the same for the two curves. Nearly complete population transfer to the v = 1 level is seen with the partially overlapping pulses. Small amplitude Rabi oscillations of the excited state population are seen for the case of zero delay. This is the case of CPR in the presence of a dynamic Stark shift. Figures 3 and 4 demonstrate what can be achieved with SARP under optimal conditions using currently available laser sources. Figure 5 shows the fractional population transfer to the excited state H 2 (v = 1, J = 2, M = 0) as a function of the inter pulse delay for two different zero-field detunings δ 0 = −0.4 GHz (dashed) and δ 0 = −0.5 GHz (solid). With both zero-field detunings, over 90% population transfer can be achieved using SARP for the relative delay τ D ≈ ±1.5τ P between the Gaussian pump and Stokes pulses with the pulse lengths τ P = τ S . CPR occurs for the zero delay. Figure 5 shows that the population transfers do not depend upon the sign of the relative delay, i.e., the time ordering of the strong and weak pulses does not matter, which is expected because SARP works with both positive and negative chirps (dδ 2 /dt) of the Raman detuning δ 2 . We note that the inter-pulse delay range for the complete population transfer becomes wider for a larger negative zero-field detuning δ 0 = −0.5 GHz. A larger detuning, however, requires higher pump and Stokes laser intensities.
The optical intensity of the pump and Stokes pulses determines the two most important parameters, the dynamic Raman detuningδ 2 and the two-photon Rabi frequency r, which control the population transfer during the adiabatic Raman passage. Therefore, the population transfer by SARP needs to be optimized using the combined parameter space of the zero-field detuning δ 0 and optical pulse energy. (9)]. Beyond a certain energy, the population transfer decreases with pulse energy for a given δ 0 . This is because at a large fluence the dynamic Stark shift overcompensates the zero-field detuning, which according to Eq. (9) prevents δ 2 from crossing zero not until very late when r has significantly fallen as is the case for δ 0 = −0.3 GHz (Figure 7(b) ). Figure 7(b) demonstrates that for the same pulse fluence with δ 0 = −0.5 GHz, zero-crossing of δ 2 near the peak of r enables complete population transfer to v = 1 level. Figure 8 is a two-dimensional contour plot showing the range of the pump fluence that will allow greater than 90% population transfer as a function of the zero-field detunings δ 0 corresponding to the three-dimensional plot of Figure 6 . With larger |δ 0 |, a wider range of pulse fluences is able to achieve nearly complete population transfer to v = 1 vibrational level (Figure 8 ). Larger |δ 0 |, however, requires higher threshold as a function of the zero-field detuning δ 0 (GHz) that can achieve greater than 90% population transfer to v = 1 level using SARP with the delayed sequence of pump and Stokes laser pulses. All other pulse parameters are the same as in Fig. 6 . fluence, as shown in Figures 6 and 7 . To reduce other nonlinear (hyper-Raman) optical processes, we limit the peak intensity of the stronger pulse to less than 20 GW/cm 2 which corresponds to a fluence ∼1500 mJ/mm 2 for the Gaussian pulse with τ p = 6 ns.
Based upon these data, we suggest that significant population transfer (in excess of 90%) can be obtained using Stokes and pump pulses with duration ∼7 ns (FWHM of intensity) and energy 12 mJ and 60 mJ focused within a beam of diameter 0.25 mm. Because the phase coherence of the optical pulses is essential, SARP requires single-mode, transformlimited optical pulses. Frequency-doubled injection-seeded single-mode Nd 3+ :YAG laser pulses at 532 nm with coherence length 8-10 ns are commercially available and provides a good source for the pump. A narrow linewidth single-mode Stokes laser pulse may be prepared by seeding a cw single mode laser at 699 nm to a three-stage dye amplifier pumped by the 532-nm Nd 3+ :YAG laser as demonstrated by Drell et al. 37 In this way, transform-limited Stokes pulses of energy ∼12 mJ can be generated with the same pulse duration as the pump laser at 532 nm.
Molecules pumped into the excited state (v = 1, J = 2, M = 0) will have their J vectors strongly polarized in a plane perpendicular to theẑ axis. We note that using SARP with a left circularly polarized σ 
where E Table II. The value of the Stark shift coefficients for the ground (v = 0) and excited (v = 1) states suggest that compared to the π − π Raman transition [see Table II ], the σ + − σ − Raman transition will require a higher laser intensity to cause a comparable Stark shift of the Raman resonance. Our calculations show that for a zero-field detuning δ 2 = −0.3 GHz, nearly complete population transfer to the excited state H 2 (v = 1, J = 2, M = 2) will be achieved using the optical fluence 947 mJ/mm 2 and 237 mJ/mm 2 for the pump and Stokes pulses. The optical fluence of the stronger pulse corresponds to the peak intensity ∼13 GW/cm 2 . With a larger zero-field detuning δ 0 < −0.3 GHz, a peak intensity >20 GW/cm 2 will be required.
IV. H 2 v = 0 → v = 4 TRANSITIONS USING SARP
A fixed wavelength pump laser at 355 nm (third harmonic Nd:YAG 3+ at 1.06 μm) and a tunable Stokes laser pulse near ∼795 nm (derived from 532-nm Nd:YAG 3+ pumped parametric oscillator) may be used for pumping the S(0) branch of H 2 v = 0 → v = 4 Raman transition. The coefficients for the Stark shift and two-photon Rabi frequency for the S(0) H 2 v = 0 → v = 4 transition with theẑ polarized parallel pump and Stokes waves are calculated following the same procedures described in Sec. III and are given in Table II .
Here SARP benefits from the advantage of a large molecular polarizability of v = 4 level which gives rise to a substantial AC Stark shift of the Raman resonance. With an appreciable two-photon Rabi frequency coefficient η and the substantially different Stark shift coefficients ζ P, S 4 and ζ P,S 0 for the two vibrational levels as given in Table II , SARP can be achieved with a wide range of detunings and intensities as discussed using results of numerical analysis for H 2 v = 0 → v = 4 transition. Gaussian pump and Stokes pulses with a relative delay τ D = 1.5τ P and an optical field amplitude ratio 2.2 has been assumed for the calculation. Figure 9 shows the population transfer to v = 4 level as a function of pump fluence for the various zerofield detunings δ 0 . For each zero-field detuning, there is a threshold fluence to achieve complete population transfer to v = 4 level. As in the case of v = 0 → v = 1 transition, the threshold fluence increases with the zero-field detuning because the adiabatic inversion of the Bloch vector requires |δ AC 40 | > |δ 0 |. Figure 9 shows that for a given zero-field detuning, there is a range of pulse fluences for which the complete population transfer takes place. At higher fluence, the population transfer is reduced. This is because at higher fluences, |δ AC 40 | over-compensates the zero-field detuning and prevents δ 2 from crossing zero during the peak of Raman interaction (Figure 7(b) ). The contour map of Fig. 10 shows the range of pump pulse (355 nm) fluences as a function of the zero-field detuning that achieves greater than 90% population transfer from v = 0 to v = 4. In the presence of a net negative AC Stark shift of the Raman resonance frequency ω 40 , population transfer is achieved only for the negative detuning δ 0 = ω P − ω S − ω 40 . Figure 10 shows that with larger zero-field detuning |δ 0 | ≥ 0.5 GHz and pulse fluence >500 mJ/mm 2 , complete population transfer becomes feasible over a broader range of pulse fluence and detuning. These fluences may be reached using a standard injection-seeded Nd 3+ :YAG laser system.
V. CONCLUSION
We have shown that the dynamic Stark shifts of the Raman resonance generally limit the efficiency of stimulated Raman pumping when excited by transform-limited pump and Stokes pulses with zero delay. Increasing the intensity of the pulses does not promote the coherent population transfer. The Stark shift of the rovibrational levels grows with the laser intensity and throws the system off resonance, causing coherent return of the transiently excited population. However, this dynamic Stark shift can be manipulated to achieve the complete population inversion between two vibrational levels of the electronic ground state of a molecule. This goal is achieved using SARP with partially overlapping pump and Stokes pulses with a relative delay (∼1.5τ P ) and intensity ratio (≥4). This method requires single-mode, transformlimited laser pulses of nanosecond duration. Preparation of vibrationally excited molecular target using SARP is not limited to v = 1. To support the last statement our theoretical analysis was extended to show complete population transfer from H 2 (v = 0, J = 0, M = 0) to H 2 (v = 4, J = 2, M = 0) using standard laser sources with peak intensity less than 20 GW/cm 2 .
